Abstract. We present the results of a systematic observational campaign designed to search for microvariability in the optical polarization of BL Lac objects. We have observed a sample formed by 8 X-ray-selected and 10 radio-selected sources, looking for rapid changes in both the degree of linear polarization and the corresponding polarization angle. The whole campaign was carried out along the last three years, and most of the objects were observed at least on two consecutive nights. The statistical properties of both classes of BL Lac objects are compared, and some general conclusions on the nature of the phenomenon are drawn. In general, radio selected sources seem to display higher duty cycles for polarimetric microvariability and, on average, they have a stronger polarization.
Introduction
The existence of rapid changes (time scales from minutes to hours) in the optical brightness of blazars is a well established fact (Racine 1970; Miller et al. 1989; Romero et al. 1999; Stalin et al. 2004 Stalin et al. , 2005 . These variations are usually called microvariability or intranight variability. The incidence of the phenomenon on different classes of active galactic nuclei (AGNs) seems to be also different (Jang & Miller 1997; Romero et al. 1999 Romero et al. , 2002 Stalin et al. 2005) . BL Lacertae objects, along with flat radio-spectrum quasars, seem to be among the most variable sources on short time scales. BL Lacs, in turn, can be divided into two groups: X-ray selected BL Lacs (XBLs) and radio-selected BL Lacs (RBLs) according to their spectral energy distributions (SEDs). In general, both types of objects have SEDs with two peaks, one thought to be due to synchrotron emission and the other produced by inverse Compton upscattering of lower energy photons. In the case of XBLs, the synchrotron peak falls in the X-ray band. In RBLs this peak is shifted towards lower energies, being between the radio and infrared bands. The optical microvariability behaviour of both sub-types of BL Lacs seems to be quite different (Heidt & Wagner 1996 Romero et al. 2002) . The XBLs are usually less variable, with smaller duty cycles and variability amplitudes than the RBLs.
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In this paper we present, by first time, results of a systematic search for microvariability in the polarization of a sample of BL Lac objects. We have looked for rapid changes in the degree of linear polarization and in the position angle of both XBLs and RBLs. Our total sample has 18 objects, so we will be able to extract some statistical conclusions on the duty cycles for these sub-types of sources. For most of the objects, this is the first time that high time resolution polarimetric observations are performed.
The structure of the paper is as follows. In Section 2 we present a detail of the observed sample. In Section 3 we describe the polarimetric observations. In Section 4.1 we describe the statistical data analysis. Section 4.2 presents individual notes on the behaviour of each source. In Section 4.3 we briefly comment on the normalized Stokes parameters. In Section 5 we discuss the statistics and the origin of the observed variability. Finally, we close with our conclusions in Section 6.
Sample
The sample adopted for this work consists of 18 sources: 10 radio-selected blazars (RBL) and 8 X-ray-selected blazars (XBL), and is taken from the AGN catalogs by Véron-Cetty & Véron (1998) and Padovani & Giommi (1995) .
We selected blazars with declinations lower than +20
• and brighter (at the time of our observations) than magnitude V = 18.5. The redshifts spanned the range from z = 0.044 to z = 1.048. Basic general information on these objects is given in Table 1 . In this table, Column (1) gives the name of the sources, Columns (2) and (3) give their equatorial coordinates, Column (4) their classification, Columns (5), (6) and (7) provide the colour excesses, the redshifts and the visual magnitudes taken from the NASA Extragalactic Database (NED), Column (8) gives the published maximum degree of optical linear polarization (for those cases in which this value was know from the literature), and Column (9) gives the corresponding references for Column 8.
Polarimetric observations and data reduction
The observations were done with the 2.15-m Jorge Sahade telescope at CASLEO, San Juan, Argentina, during 22 nights in April and November 2002 , May 2003 , and April 2004 . In all occasions, we used the CASPROF photopolarimeter. This is an instrument developed at CASLEO and based on other, similar two-channel photopolarimeters, as MINIPOL and VATPOL (Magalhães et al. 1984; Martínez et al. 1990 ). The observations were carried out using always the same configuration: a Johnson V filter and an 11.3 arcsec aperture diaphragm. Integration times varied between 300 and 900 s, depending on the object brightness and the quality of the night. In all cases, we observed the target followed by a sky integration. Standard stars chosen from the catalog by Turnshek et al. (1990) were observed to determine the zero point for the position angle and the instrumental polarization; the latter was found to be practically zero. Weather conditions varied along the whole campaign, from photometric to partially cloudy (thin cirrus).
The data were processed using a systematic method, after discarding some data points affected by moonlight contamination or passing clouds. We averaged each two consecutive target observations (on the Q − U plane) in order to improve the signal-to-noise ratio. A factor that affects both the object and the sky, is the presence of the Moon above the horizon. However, any systematic error, leading to spurious variations in the sky polarization, should be removed when the data are reduced, because each sky observation is made near in time and position to the corresponding source measurement. To prevent against errors due to rapid sky variations, we interpolated the sky flux and polarization (on the Q − U plane) to the time corresponding to each object observation, thus giving a more accurate sky subtraction.
For each observing session we searched for any residual systematic errors by plotting the sky magnitude, as well as its polarization percentage and position angle, against time, and then comparing these graphs with the corresponding timecurves for the sources. No spurious variations, due to rapid sky changes, were evident. Two examples of typical microvariability curves are shown in Figures 1 and 2 ; Fig. 1 presents the behaviour of the RBL object PKS 0422+004 during two consecutive nights in November 2002, whereas Fig. 2 shows the behaviour of the XBL source PKS 2155−304 for three nights in November 2002. Sky values are given as open symbols in both figures; note that a different scale was used for the sky plots. Both objects were always ∼ 0.5 − 3 mag brighter than the sky, thus confirming that any effect due to sky variations should not be important.
We also checked for the incidence of the foreground polarization (this is the polarization generated by interstellar dust particles oriented by the magnetic field of the Galaxy). Following Hough (1996) , we used the known relation P max (%) ≤ 9 E (B−V) to set an upper limit to the foreground polarization in each of our fields. In column 5 of Table 1 we give the E (B−V) values taken from the NED; it results that, since we observed at relatively high Galactic latitudes, the values of P max are between 0.13% and 1.62%. With the same purpose, we observed faint stars in most of the target fields in order to check their polarization values. In all the cases, values were ≪ 1%. Thus, we are able to confirm that the foreground polarization does not affect ours results.
We have used the Stokes parameters to check whether the pattern of the observations was random in the Q − U plane or not. We consider, as usual, normalized dimensionless parameters U/I and Q/I. Q − U plots for all objects of our sample are available at http://www.iar.unlp.edu.ar/garra/garra-sdata.html.
Data analysis and results

Statistical analysis
We quantitatively analyzed our data by computing a formal variability indicator, following the criterion of Kesteven et al. (1976) , which was used by several other authors in variability studies (Altschuler 1982; Romero et al. 1994; Andruchow et al. 2003) . According to this criterion, a source is classified as variable in an observing session for the observable S if the probability of exceeding the value
by chance is < 0.1 %, and it is classified as non-variable if the probability is > 0.5 %. In this equation, ǫ i is the error corresponding to each measured value S i , and S is the mean value of S , given by:
If the errors are random, X 2 should be distributed as χ 2 with n − 1 degrees of freedom, where n is the number of points in the distribution.
The other parameters that quantify the variability, in amplitude as well as in timescale, are: the fluctuations index µ,
where σ s is the standard deviation of one data set; the fractional variability index of the source FV, where S max and S min are the maximum and minimum values, respectively, for the polarization or the position angle. Finally, the time interval ∆t between the extrema in the polarization curve is defined as:
where t max and t min are the times when the extreme points occur.
In Tables 2 and 3 we show the values of the variability parameters for the linear polarization percentage and the position angle for the RBLs and XBLs, respectively. Column 1 gives the name of the object, Col. 2 lists the observation dates, Col. 3 shows the number of points for each night, Col. 4 gives the total duration of the observation, Col. 5 gives the mean polarization for the observing night using Equation 2, Col. 6 shows the rms σ P , Col. 7 gives the value for FV, Col. 8 is ∆t, Col. 9 shows the value of χ 2 , and Col. 10 shows the variability class (V: if the source is variable, NV: if it is not variable, and dubious in the cases where no definite decision could be reached using the above given criteria). Cols. 11 to 16 give the same information for the position angle.
Notes on individual sources
We comment now briefly on the observed behaviour of each object in our sample.
RBLs:
0118−272: The linear optical polarization of this object was measured by Impey & Tapia (1988) with a significantly high value (P V ∼ 17%). This was one of the reasons for its classification as a blazar; a similar result was obtained by Mead et al. (1990) . We observed this blazar on two consecutive nights, presenting variability on the first one, with the degree of polarization rising from P = 5.77% to P = 9.41% in about one hour. On the second night, the degree of polarization appears as not variable but with a value of about 8%. Meanwhile, the position angle was variable with similar averages on both nights.
0422+004:
This blazar was reported to have quite high values of linear optical polarization, between 7 − 22% (Angel & Stockman 1980) , presenting high variability over long periods of time (months). Mead et al. (1990) observed the source on two consecutive nights, detecting a decreasing degree of polarization from the first night to the second one (21.4% -12.4%, respectively). In Fig. 1 we show the temporal evolution of the linear polarization degree and position angle for this object, as an example of the RBL class. This is the best sampled RBL in our campaign. It resulted to be variable, both in P and θ, on the two nights. The degree of polarization was quite high, mostly during the second night, reaching values up to ∼ 13%. The general trend was a smooth variation within each night, with a higher mean value for the second night. These values are in agreement with the published ones. The position angle was variable; however, its mean value did not change significantly between both nights.
0521−365:
This southern blazar has been reported to have rapid variability at radio frequencies (see Romero et al. 1995b) , as well as optical flux microvariability (Romero et al. 2002) . Its host was detected and classified as a luminous giant elliptical by Falomo (1994) . During the present campaign, the object experienced polarization variability on the first night, but the variability is not significant on the second one. We think that Degree of polarization Position Angle the cause for this could be the relatively large error bars for the degree of polarization during that night, which could mask any variation. The typical error was about 6% of the measurement because of the weather conditions. The mean value of the degree of linear polarization was almost the same in the two nights, about 3%. The position angle was clearly variable during the two nights, with a small but clear rotation on the second night: during the first hours, of 5
• /h in a clockwise direction, and during the last hours, of 7.6
• /h in an anticlockwise direction. Large rotations of the polarization angle have been previously found at radio wavelengths by Luna et al. (1993) for this source.
0537−441:
This is another well-studied BL Lac object, which has shown very high optical polarization during observations carried out by Impey and Tapia in the 1980s (Impey & Tapia 1988) . This object was extensively monitored by Romero et al. (2000 Romero et al. ( , 2002 , presenting both behaviours, as variable and as non-variable in its optical flux at different epochs. We report here that during two consecutive nights in November 2002, 0537−441 presented a high degree of polarization. On the first night the object's variability appeared as dubious, meanwhile on the second night it was clearly variable, undergoing rapid fluctuations with typical time scales of ∼ 1 h and amplitudes of ∼ 1.4%. On the contrary, θ was variable on the first night and dubious on the second one, with a mean θ ∼ 0
• .
0829+046:
Its first polarization observations at optical wavelengths were presented by Wills et al. (1980) , who reported variability over a few days time interval. Unfortunately, we could follow this object just one night. During this period, the object presented a very high degree of polarization (up to 17%), increasing with time, and it was variable in both the degree of polarization and position angle. It is also interesting to mention that this object was observed by Giroletti et al. (2004) at different radio wavelengths in order to resolve the jet structure and they found that it is one of the BL Lacs that presents evidence of emission on both sides of the core: two symmetric jets were detected emerging from the core and both are bended.
1144−379:
This object was classified as a blazar by Impey & Tapia (1988) ; they reported values for the degree of polarization between 0.0% and 9.4%. We observed the source in April 2002 and it was variable in both P and θ. During the last night, the degree of polarization showed a peculiar behaviour: it rose about 14% in 4 hours, starting at P = 2.5% and ending at P = 16.5%. After ruling out all possible error sources (see Sect. 3) we conclude that the cause of this peculiar behaviour is intrinsic to the source.
1510−089:
This object was confirmed as a blazar by Moore & Stockman (1981) . Previous measurements of its optical polarization degree, made in 1980, were all under 7.8%; however, Mead et al. (1990) reported a high value of P = 9.1%, in the I band. (Romero et al. 2002) .
1514−241 (AP Lib): This is one of the objects which defined the blazar class; it has presented values of optical polarization between 2 − 7% (Angel & Stockman 1980) . Mead et al. (1990) reported similar values. We followed AP Lib on different occasions, resulting always variable; however, the average degree of polarization was quite low. During the last night in April 2004 the position angle rotated in an anti-clockwise direction from 180.3
• to 170.9
• with a speed of 10.5
This object has displayed dramatic polarization variability at optical and infrared wavelengths (Brindle et al. 1986 ), whereas no significant variations were detected later (Mead et al. 1990) . Typical values for the degree of the optical polarization are between 3 − 9% (Kühr & Schmidt 1990) . Our variability data classify the source as dubious during the first night and variable on the second one, with a low mean value of the degree of polarization, but reaching a maximum value of P V = 9.8%. The position angle was variable on both nights, but this variability was probably not real, because when the modulus of the polarization vector is small, the angle is ill defined, thus preventing any real variability to be detected.
2005−489:
As far as we know, we are presenting here the first optical polarization data for this BL Lac object. The source was variable, with a relatively high degree of polarization, during the only night when we could observe it. The position angle variability was classified as dubious, but in fact, it remained almost constant around 93.7
• with a sigma of 0.2 • .
XBLs:
0548−322: Angel & Stockman (1980) had reported low levels in the degree of polarization (1.5−2%). Similar results were obtained during the campaign undertaken by Jannuzi et al. (1993) , when P did not rise above 4%, with position angle variable and showing a 0.5 mag change in its optical flux. We followed this typical BL Lac for two consecutive nights in November 2002, with a good time resolution. During both nights, the degree of optical polarization appears to be variable but low, and the position angle was variable, too.
0558−385:
We present the first polarization results for this object. The average polarization is very low, P ∼ 0.8 − 0.9 %.
The object formally classifies as variable but, since its polarization is so low, the large fluctuations detected in the position angle might be spurious.
1026−174:
There are no previous optical polarization data for this blazar. We observed it in May 2003, when it displayed a dubious behaviour in its polarization degree. However, during the second night, some variation is present, unfortunately masked out by the large error bars due to the weakness of the source. The highest and lowest values of the optical polarization were 7.6% and 3.9%, respectively. The position angle was variable, showing no clear rotation trend, with values around 185
1101−232:
This blazar has been reported to have quite low values of optical polarization (the maximum detected was 2.7%), with evidences of intrinsic variability (Jannuzi et al. 1993) . We have observed this source in 2002, 2003 and 2004. The behaviour displayed by the source went through different stages (from V to NV) along the different opportunities we had to observe it. During the only night that we observed it in May 2003, P V rose to 14.7%, a very high value for this object, which had previously presented lower polarization values.
1312−422
: This is another BL Lac with no previous data on its optical polarization. We just followed it on one night in April 2002 and another night in April 2004. The degree of polarization was quite low (P V 3.4%) and not variable on both occasions.
1440+122: Published information about this object is scarce. Recent radio observations (Giroletti et al. 2004 ) revealed more details about its structure, but no previous optical polarization data are available. This blazar resulted to be variable in both P V and θ during April 2002. P V reached as high a value as ≈ 8.3%, with a peculiar behaviour during the first night we followed it. After discarding any possible error sources (see Sect. 3), the trend in the polarization degree is an interesting one, rising from P V = 1.3% to P V = 8.3% during the first 1.8 h, then going down to P V = 0.5% in about 1 h, and finally rising again up to P V = 7.5%. Meanwhile, the mean polarization was not too high ( P V = 3.4%). On the second night, P V was variable, but with no peculiar trend. The position angle did not follow the variations in P V ; however, it was always variable, with values around θ ≃ 95 • .
1553+133:
The degree of polarization of this BL Lac object was variable during our observations, with a flickering behaviour on the first night. A qualitatively similar flickering has been detected before at radio wavelengths in extragalactic radio sources (Heeschen 1984; Romero et al. 1995a ). In the optical polarization the origin of the rapid flickering must be intrinsic to the source, probably related with turbulence in the magnetic field of the inner jet. The upper limit of the polarization was 4.2% for this object.
2155-304:
This is a very well studied BL Lac object, known for its short variability time scales at optical to X-ray wavelengths (Jannuzi et al. 1993) . Angel & Stockman (1980) reported values for the degree of optical polarization between 3 − 7%. In the mid 1980s, Brindle et al. (1986) detected polarization percentage variations and a clockwise rotation of the position angle, although on a ∼ 48 h time scale. Four years later, Mead et al. (1990) measured a higher than usual polarization (P V ≈ 10%). The extensive monitoring made by Smith et al. (1992) in optical polarization and photometry revealed clear variations over long time scales; the authors also reported a 2% − 3% variation in P V and as much as 25
• in θ, in 24 h. They also found a mild wavelength dependent polarization and a more rapid variation in the optical polarization than in the total optical flux. In a more recent work Tommasi et al. (2001) reported a multiband monitoring of the optical polarization searching for intranight and also long term variability. This campaign was made using the 2.15 m telescope at CASLEO equipped with the Photopolarimeter of the Turin Observatory and the total observing time was ∼ 47 h along four different periods in 1998 and 1999. The authors reported a P V lower than 7% with small amplitude intranight variations, ∼ 1.3% in P and ∼ 7
• in θ, but no statistical analysis of this behaviour was reported. They also found a low wavelength dependence in both the linear polarization and the position angle.
Being a relatively bright object, we were able to use short exposure times, hence getting well-sampled time curves. These are shown, as an example for the XBL class, in Fig.2 . Significant variations both in P V and θ are clearly seen on each of the three consecutive nights that we followed the source, with a moderately high mean polarization P V ∼ 5% and with a position angle varying from θ = 87
• to θ = 105
• . During the first night, P V raised as high as 5.7% at the beginning of the night and then went down, ending at 4.7%. Apparently, this decreasing trend continued during the day hours, because at the beginning of the second night, P V started at 3.2%, going up for the rest of the night and presenting an inverse behaviour during the last night. With respect to the position angle, the variation was clear and presented a fast rotation during the third night. The angle rotated in an anti-clockwise direction from 96.7
• to 93.5
• with a speed of 1.9
• /h.
Discussion
In order to characterize the two different classes of objects under study here, we analyzed the behaviour of the sources from a statistical point of view. First, we calculated the duty cycles (DC) for the sources of a given class. This quantity can be estimated, following Romero et al. (1999 Romero et al. ( , 2002 , as
where ∆t i = ∆t i,obs (1+z) −1 is the duration, corrected by the corresponding redshift, of the i-th data set of the quantity and class under study; N i is the weight (equal to 1 if the source was classified as V, or 0 if the source was NV or dubious). Because we weighted dubious cases with 0, the DCs calculated are actually lower limits. The corresponding DCs for the degree of polarization (P) and position angle (θ) for both classes of objects (RBLs and XBLs) are: DC(P, RBL) = 77.01%, DC(θ, RBL) = 87.25%, and DC(P, XBL) = 51.23%, DC(θ, XBL) = 55.15%. So, the RBLs appear to constitute the most variable class. A similar behaviour has been found when only optical flux variations were considered by Romero et al. (2002) , with duty cycles DC = 71.5% and DC = 27.9% for the RBLs and XBLs, respectively. The photometric microvariability of XBLs seems to be systematically lower, nonetheless, than their polarization microvariability.
A complementary view can be obtained by plotting the histograms of the distributions of the sources that resulted to be variable. Figures 3 and 4 show the number of sources classified as variable against the time scales for the variation (Col. 8 and 14 in Tables 2 and 3 ), for the degree of polarization and position angle, respectively.
It can be seen that the RBLs have a wider and flatter distribution in the degree of polarization than the XBLs; this is an indicator that, when an XBLs is variable, its variation timescale is shorter than that of the RBLs (typically ∆t 1 h). The histograms corresponding to the position angles present no significant differences between the two classes.
Similar histograms were made showing the distributions of variable sources against the fractional variability index (Col. 7 and 13 in the same tables). This is shown in Figs. 5 and 6 for the same parameters as before. Here, the RBLs appear to have two peaks, one for P ≈ 0.2 − 0.3%, and the other around P ≈ 0.8 − 0.9. On the contrary, the XBLs have a more uniform distribution.
Concerning the position angle, the variation of the RBLs appears to be more frequent for the lowest FV values. Again, the XBLs seem to have a more uniform distribution.
Since we present here a significant number of sources belonging to two different sub-types of BL Lac objects, it is also interesting to compare the average degree of optical polarization between them. Our results confirm the previous ones reported by Fan et al. (1997) : the XBLs generally have lower optical polarization than the RBLs; this kind of behaviour can be seen in the histograms drawn in Figure 7 . A KolmogorovSmirnov test shows that both data sets are most probably taken from different parent distributions, although the significance level is only moderately high (95%). As an additional information, we also include the distribution of V and NV or dubious cases for both classes of BL Lacs studied here.
In general, since XBLs have the synchrotron peak of their spectral energy distribution at X-ray energies, we could expect that these objects have, on average, either higher magnetic fields or more energetic particles than RBLs, which peak at radio-IR wavelengths. The fact that they have on average less polarization and that this polarization is less variable than what is found for RBLs seems to support the second possibility, i.e., the particles in their jets are systematically more energetic than in RBLs. On the contrary, as noticed by Fan et al. (1997) , the RBLs seem to have larger macroscopic relativistic motions, hence displaying higher duty cycles for rapid variability, which is probably associated with relativistic shocks in the jets. Their magnetic fields seem to be also systemat- ically stronger than in XBLs, as indicated by the higher degree of linear polarization. This leads to a simple picture where XBLs have particles with high microscopic Lorentz factors that cool radiating high-energy synchrotron emission whereas RBLs have less energetic particles but higher macroscopic bulk motions and stronger fields, hence presenting higher variability. Alternatively, XBL could have similar magnetic fields, but less homogeneous, hence less degree of linear polarization. The origin of the rapid microvariability seems to be associated with relativistic shocks in any case (e.g. Romero et al. 1995b , and references therein).
Conclusions
We have monitored 8 XBLs and 10 RBLs, looking for intranight variability in the optical polarization. We have found high duty cycles for both the degree of linear polarization and the polarization angle of RBLs. The average polarization is also stronger than for XBLs. XBLs, although displaying a lower level of polarimetric microvariability, are also significantly variable, with duty cycles of ∼ 50 %, higher than what is observed from purely photometric observations. We speculate, on the basis of our findings, that the stronger synchrotron losses presented by XBLs might be due to systematically higher microscopic Lorentz factors for the particles in the jets, rather than to stronger magnetic fields. However, it should be noted that further observations of objects (with each object monitored on several nights) are needed to establish this conclusion firmly. 
